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Description
TECHNICAL FIELD

[0001] Some example embodiments may generally relate to systems and methods for reducing interference in mobile
or wireless telecommunication systems.

BACKGROUND

[0002] Examples of mobile or wireless telecommunication systems may include 39 Generation Partnership Project
(3GPP) Long Term Evolution (LTE), 5t generation (5G) radio access technology (RAT), new radio (NR) access tech-
nology, 6t generation (6G), and/or other communications systems. In some instances, example mobile or wireless
telecommunication systems may include radio frequency (RF) 5G RAT, the Universal Mobile Telecommunications Sys-
tem (UMTS) Terrestrial Radio Access Network (UTRAN), LTE Evolved UTRAN (E-UTRAN), LTE-Advanced (LTE-A),
LTE-A Pro, NR access technology, and/or MulteFire Alliance. 5G wireless systems refer to the next generation (NG) of
radio systems and network architecture.

[0003] A 5G system is typically built on a 5G NR, but a 5G (or NG) network may also be built on E-UTRA radio. It is
expected that NR can support service categories such as enhanced mobile broadband (eMBB), ultra-reliable low-latency-
communication (URLLC), and massive machine-type communication (mMTC). NR is expected to deliver extreme broad-
band, ultra-robust, low-latency connectivity, and massive networking to support the Internet of Things (loT). The next
generation radio access network (NG-RAN) represents the radio access network (RAN) for 5G, which may provide radio
access for NR, LTE, and LTE-A.

[0004] It is noted that the nodes in 5G providing radio access functionality to a user equipment (e.g., similar to the
Node B in UTRAN or the Evolved Node B (eNB) in LTE) may be referred to as next-generation Node B (gQNB) when built
on NR radio, and may be referred to as next-generation eNB (NG-eNB) when built on E-UTRA radio.

SUMMARY

[0005] In accordance with some example embodiments, a method may include determining an interference channel
matrix of an antenna array having a plurality of uplink antenna elements and a plurality of downlink antenna elements.
The method may further include determining an untransformed beamforming coefficients vector. The method may further
include determining a transformed beamforming coefficients vector using the untransformed beamforming coefficients
vector and the interference channel matrix. The method may further include determining an interference of the plurality
of the uplink antenna elements and the plurality of the downlink antenna elements using the transformed beamforming
coefficients vector and determining a power of the interference of the plurality of the uplink antenna elements and the
plurality of the downlink antenna elements. The method may further include determining a maximum interference of the
antenna array based on the determined power of the interference. The method may further include, in response to the
maximum interference being less than or equal to a predefined target maximum interference, operating the antenna
array based on the transformed beamforming coefficients vector.

[0006] In accordance with certain example embodiments, an apparatus may include means for determining an inter-
ference channel matrix of an antenna array having a plurality of uplink antenna elements and a plurality of downlink
antenna elements. The apparatus may further include means for determining an untransformed beamforming coefficients
vector. The apparatus may further include means for determining a transformed beamforming coefficients vector using
the untransformed beamforming coefficients vector and the interference channel matrix. The apparatus may further
include means for determining an interference of the plurality of the uplink antenna elements and the plurality of the
downlink antenna elements using the transformed beamforming coefficients vector and determining a power of the
interference of the plurality of the uplink antenna elements and the plurality of the downlink antenna elements. The
apparatus may further include means for determining a maximum interference of the antenna array based on the de-
termined power of the interference. The apparatus may further include means for, in response to the maximum interfer-
ence being less than or equal to a predefined target maximum interference, operating the antenna array based on the
transformed beamforming coefficients vector.

[0007] In accordance with various example embodiments, a non-transitory computer readable medium may include
program instructions that, when executed by an apparatus, cause the apparatus to perform at least a method. The
method may include determining an interference channel matrix of an antenna array having a plurality of uplink antenna
elements and a plurality of downlink antenna elements. The method may further include determining an untransformed
beamforming coefficients vector. The method may further include determining a transformed beamforming coefficients
vector using the untransformed beamforming coefficients vector and the interference channel matrix. The method may
further include determining an interference of the plurality of the uplink antenna elements and the plurality of the downlink
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antenna elements using the transformed beamforming coefficients vector and determining a power of the interference
of the plurality of the uplink antenna elements and the plurality of the downlink antenna elements. The method may
further include determining a maximum interference of the antenna array based on the determined power of the inter-
ference. The method may further include, in response to the maximum interference being less than or equal to a predefined
target maximum interference, operating the antenna array based on the transformed beamforming coefficients vector.
[0008] In accordance with some example embodiments, a computer program product may perform a method. The
method may include determining an interference channel matrix of an antenna array having a plurality of uplink antenna
elements and a plurality of downlink antenna elements. The method may further include determining an untransformed
beamforming coefficients vector. The method may further include determining a transformed beamforming coefficients
vector using the untransformed beamforming coefficients vector and the interference channel matrix. The method may
further include determining an interference of the plurality of the uplink antenna elements and the plurality of the downlink
antenna elements using the transformed beamforming coefficients vector and determining a power of the interference
of the plurality of the uplink antenna elements and the plurality of the downlink antenna elements. The method may
further include determining a maximum interference of the antenna array based on the determined power of the inter-
ference. The method may furtherinclude, in response to the maximum interference being less than or equal to a predefined
target maximum interference, operating the antenna array based on the transformed beamforming coefficients vector.
[0009] In accordance with certain example embodiments, an apparatus may include at least one processor and at
least one memory storing instructions that, when executed by the at least one processor, cause the apparatus at least
to determine an interference channel matrix of an antenna array having a plurality of uplink antenna elements and a
plurality of downlink antenna elements. The at least one memory and instructions, when executed by the at least one
processor, may further cause the apparatus at least to determine an untransformed beamforming coefficients vector.
The atleast one memory and instructions, when executed by the at least one processor, may further cause the apparatus
at least to determine a transformed beamforming coefficients vector using the untransformed beamforming coefficients
vector and the interference channel matrix. The at least one memory and instructions, when executed by the at least
one processor, may further cause the apparatus at least to determine an interference of the plurality of the uplink antenna
elements and the plurality of the downlink antenna elements using the transformed beamforming coefficients vector and
determining a power of the interference of the plurality of the uplink antenna elements and the plurality of the downlink
antenna elements. The at least one memory and instructions, when executed by the at least one processor, may further
cause the apparatus at least to determine a maximum interference of the antenna array based on the determined power
of the interference. The at least one memory and instructions, when executed by the at least one processor, may further
cause the apparatus at least to, in response to the maximum interference being less than or equal to a predefined target
maximum interference, operate the antenna array based on the transformed beamforming coefficients vector.

[0010] In accordance with various example embodiments, an apparatus may include first determining circuitry con-
figured to perform determining an interference channel matrix of an antenna array having a plurality of uplink antenna
elements and a plurality of downlink antenna elements. The apparatus may further include second determining circuitry
configured to perform determining an untransformed beamforming coefficients vector. The apparatus may further include
third determining circuitry configured to perform determining a transformed beamforming coefficients vector using the
untransformed beamforming coefficients vector and the interference channel matrix. The apparatus may further include
fourth determining circuitry configured to perform determining an interference of the plurality of the uplink antenna
elements and the plurality of the downlink antenna elements using the transformed beamforming coefficients vector and
determining a power of the interference of the plurality of the uplink antenna elements and the plurality of the downlink
antenna elements. The apparatus may further include fifth determining circuitry configured to perform determining a
maximum interference of the antenna array based on the determined power of the interference. The apparatus may
further include operating circuitry configured to perform, in response to the maximum interference being less than or
equal to a predefined target maximum interference, operating the antenna array based on the transformed beamforming
coefficients vector.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Foraproperunderstanding of example embodiments, reference should be made to the accompanying drawings,
wherein:

FIG. 1 illustrates an example of a subband full duplex time-frequency configuration;

FIG. 2 illustrates an example of an antenna array configuration in UL slots, DL slots, and flexible slots according to
certain example embodiments;

FIG. 3 illustrates an example enumeration of antenna elements according to some example embodiments;

FIG. 4 illustrates an example of an antenna array in UL slots, DL slots, and two configurations in flexible slots
according to various example embodiments;
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FIG. 5 illustrates an example of a flow diagram of a method according to various example embodiments;

FIG. 6 illustrates an example of an antenna array configuration in UL slots, DL slots, and flexible slots with two
configurations according to certain example embodiments;

FIG. 7 illustrates an example implementation with two antenna panels according to some example embodiments;
FIG. 8 illustrates an example of variable sizes of subsets according to various example embodiments;

FIG. 9 illustrates another example enumeration of antenna elements according to some example embodiments;
FIG. 10 illustrates an example block diagram according to some example embodiments;

FIG. 11 illustrates another example block diagram according to some example embodiments;

FIG. 12 illustrates an example of a hardware scheme according to various example embodiments;

FIG. 13 illustrates an example of various network devices according to certain example embodiments; and

FIG. 14 illustrates an example of a 5G network and system architecture according to some example embodiments.

DETAILED DESCRIPTION

[0012] It will be readily understood that the components of certain example embodiments, as generally described and
illustrated in the figures herein, may be arranged and designed in a wide variety of different configurations. Thus, the
following detailed description of some example embodiments of systems, methods, apparatuses, and computer program
products for interference reduction is not intended to limit the scope of certain example embodiments, but is instead
representative of selected example embodiments.

[0013] 3GPP continues to develop subband non-overlapping full duplex (SBFD), recognizing that several types of
interference are present for SBFD deployment for different uplink (UL)/downlink (DL) subband configuration (e.g., gNB
interference). As just some examples, relevant types of interference include, but are not limited to, self-interference at
base station, self-interference at user equipment, base station to base station cross-link interference, sector to sector
cross-link interference, user equipment to user equipment inter-cell cross-link interference, user equipment to user
equipment intra-cell cross-link interference, user equipment to base station inter-cell cross-link interference, and base
station to user intercell cross-link interference.

[0014] NR/5G includes two types of duplex schemes: time division duplex (TDD) and frequency division duplex (FDD).
TDD may use the same frequency channel for DL and UL transmissions, and DL and UL may be separated in time.
Similarly, FDD may use two frequency channels: one frequency channel for DL, and another frequency channel for UL
transmission. DL and UL may also overlap in time. FDD may also be half-duplex FDD by using two frequency channels,
but without DL and UL overlapping in time, thereby avoiding the use of an expensive duplexing filter.

[0015] SBFD is a more recent duplexing scheme and is based upon TDD. Specifically, in TDD, time slot (or partial
slot) transmissions may be allowed only in DL or UL direction. In contrast, in SBFD, time slot transmissions may be
allowed in both directions. Similar to TDD, SBFD uses a single frequency channel. UL and DL transmissions may occur
on two or more temporary allocated frequency subchannels.

[0016] Although SBFD provides several advantages, it also introduces the challenge of interference. In order to make
UL reception possible, the base station receiver should be protected (i.e., isolated) from its own transmissions in DL
(e.g., by more than 80 dB). In FDD, UL and DL transmissions may occur on different frequency channels, while the
receiver may be protected from own transmissions by a duplexing filter. In SBFD, UL and DL transmissions may occur
on the same frequency channel, but on different frequency subchannels. The subchannels may be temporarily allocated
based upon demand and, in contrast to FDD, protecting one subchannel from interference by another subchannel with
a duplexing filter is impractical. A further complication with implementation of SBFD is that, in FDD, UL and DL frequency
channels are separated by dozens of MHz, while in SBFD, this gap may be a few resource blocks (RBs) (i.e., hundreds
of kHz). Since a duplexing filter in SBFD is impractical, isolation may be possible with different means.

[0017] Certain example embodiments described herein may have various benefits and/or advantages to overcome
the disadvantages described herein. For example, certain example embodiments may provide interference reduction
that is relatively simple and easy to implement, and may be combined with other methods of interference mitigation.
Thus, certain example embodiments discussed below are directed to improvements in computer-related technology.
[0018] In certain example embodiments, an antenna array may have two or more configurations in flexible slots.
Configurations may differ based on which antenna elements of the base station are assigned for UL (e.g., for reception
(RX) by the base station) and which are assigned for DL (e.g., for transmission (TX) by the base station). The base
station may select the corresponding configuration, which may reduce interference. Interference may be calculated using
a precoder vector (hereinafter, "beamforming coefficients vector") and an interference channel matrix. Since interference
may depend on the beamforming coefficients vector, the selection may be performed each time the beamforming coef-
ficients vector changes.

[0019] In order to obtain channel state information (CSI) for an antenna configuration using a CSl-report-request
mechanism in flexible slots, the base station may reportto a user equipment, such as user equipment (UE) 1320 illustrated
in FIG. 13, which antenna configuration is selected for each time interval (e.g., X), and the base station may then request



10

15

20

25

30

35

40

45

50

55

EP 4 415 278 A1

a CSl report for that selected antenna configuration. The UE may calculate and transmit to the base station a CSl-report
that is based upon the time interval for which the antenna configuration coincides with the requested CSI.
[0020] In order to obtain CSI information for the antenna configuration using sounding reference signals (SRS) in
flexible slots, the base station may report to the UE which antenna configuration is selected for each time interval (flexible
slot), and request SRS for that selected antenna configuration. The UE may then send SRS on the time interval with
the requested antenna configuration.
[0021] FIG. 1 illustrates an example of a time-frequency configuration of SBFD. Although FIG. 1 illustrates a slot as
a unit of time, it may be associated with the slot, symbol, etc. In DL and UL, slot transmission may occur in one direction.
In X, slot transmissions may occur in DL and UL. FIG. 1 illustrates an example configuration of flexible slots in frequency
domain, where UL subband is allocated between two DL subbands.
[0022] FIG. 2 illustrates an example of a dual polarized rectangular antenna array. In UL slots, the entire array may
be configured for reception, in DL slots, for transmission. In flexible slots, antenna elements may be split into two subsets:
one for DL, and one for UL.
[0023] Described herein are various embodiments for configuring flexible slots. FIG. 3 illustrates an example of an
enumeration of antenna elements. If antenna elements are arranged as illustrated in FIG. 4, then in the first configuration,
antenna elements 0-15 may be configured for UL, and antenna elements 16-32 may be configured for DL. In the second
configuration, antenna elements 0-15 may be configured for DL, and antenna elements 16-32 may be configured for UL.
[0024] The base station may select one of the first or second configurations in order to minimize interference. Assuming
one tap channel and unity DL signals, the interference from one or more DL antenna elements to the nth UL antenna
s W) = BMTSRGm,n) - whk )
element may be defined as , where h(m, n) may be a coefficient of the
channel between an mth DL element and nth UL element. This channel may be a direct link between antenna elements

DL
and/or reflections from the clutter. ~ ™ may be an mth coefficient of the DL beamforming coefficients vector.
[0025] Invarious example embodiments, selecting between the first or second configuration may include considerations
such as, but not limited to, minimizing the maximum interference power over one or more UL antenna elements according
to Equation (1), such that

§ = max|sy" (wH)I%, (1)
minimizing the mean interference power over one or more UL antenna elements according to Equation (2), such that
$ = mean|sYt(wPL)|?, (2)
n
and/or minimizing the interference power based on UL beamforming according to Equation (3), such that

§=Yazosn (W) - wyt, 3)

UL

where ' may be the nth coefficient of the UL beamforming coefficients vector, and N may be the number of UL
antenna elements. Accordingly, in some examples, minimizing maximum interference power may be based on a max-
imum interference power from one or more downlink antenna elements to a given uplink antenna element of the plurality
of uplink antenna elements, minimizing mean interference power from one or more downlink antenna elements to a
given uplink antenna element of the plurality of uplink antenna elements may include determining a mean interference
power, and/or minimizing interference power may include applying uplink beamforming vector.

[0026] Inanexample, minimizing the maximum interference power over one or more UL antenna elements as described
herein may reduce the dynamic range of the signal at individual antenna elements. The interference may be very large
compared to a weak UL signal. Reducing interference before it reaches an analog RX chain may be beneficial. In another
example, minimizing the mean interference power over one or more UL antenna elements and/or minimizing the inter-
ference power based on UL beamforming may reduce the average per-element interference or the interference after
RX combining.

[0027] FIG. 5illustrates an example of a flow diagram of a method 500 that may be performed by a base station, such
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as network entity 1310 illustrated in FIG. 13, according to various example embodiments. The interference for configu-
ration k may be denoted by S(k).

[0028] At 501, the method 500 may include calculating beamforming coefficients vector w and/or selecting the beam-
forming coefficients vector from the codebook or receiving the index of the beamforming coefficients vector in CSI report
from the UE.

[0029] At 502, the method 500 may include estimating channel coefficients h(m, n).

[0030] At 503, the method 500 may include calculating interference according to Equation (1), Equation (2), and/or
Equation (3) for the first or second configuration.

[0031] FIG. 6 depicts an example of an antenna array configuration in UL, DL, and flexible slots with two configurations.
At 504, if S(1) < S(2), the method may include using the first configuration illustrated and described in reference to flexible
slot, configuration 1 illustrated in FIG. 4, which depicts an antenna array configuration in UL, DL, and flexible slots with
two configurations. Alternatively, if S(1) > S(2), the method may include using the second configuration, as illustrated,
for example, in flexible slot, configuration 2 illustrated in FIG. 4.

[0032] FIG.7 depicts various example embodiments using two separate antenna panels toincrease the DL-UL isolation.
In this embodiment, assuming that each panel is RX- and TX-capable, in the first configuration, the first panel may be
configured for DL, and the second panel may be configured for UL. In the second configuration, UL and DL may be
reversed.

[0033] FIG. 8 depicts certain example embodiments where the network entity uses one of the first and second con-
figurations with a different number of antenna elements in the UL and DL subsets. If S(1) < threshold, the network entity
may use the first configuration; otherwise, the network entity may use the second configuration.

[0034] Asdescribed herein, the method of FIG. 5 may select an antenna configuration from among the first and second
configurations. In example embodiments, TX power, applied to antenna elements of the same polarization in DL subset,
may be defined according to Equation (4), such that

P, = 2;11:)1)/2 Pn+i k= 1,2, (4)

where p; may be the power of the it" antenna element (e.g., FIG. 4).

[0035] After selecting antenna configuration from among the first and second configurations, the method may further
include, if S(m) > threshold_2, reducing S(m) by optimizing P4 and P,, where m is the configuration index, selected at 504.
[0036] CSImay be obtained in a variety of ways in NR/5G, including channel sounding and CSl reporting. For example,
for CSI reporting, the base station may request the UE to perform measurements and provide a report. Two antenna
configurations may be used in flexible slots, wherein CSI information may be obtained for both configurations. For
example, in certain example embodiments, the base station may report to the UE what antenna configuration is selected
for each time interval (e.g., flexible slot), and request a CSI report for one antenna configuration. The UE may then
calculate and send to the base station a CSl-report, based on the time interval for which the antenna configuration
coincides with requested CSI report.

[0037] Invarious example embodiments, the base station may report to the UE which antenna configuration is selected
for each time interval (e.g., flexible slot), and request SRS for one antenna configuration. The UE may then transmit
SRS on the time interval with requested antenna configuration. It is noted that obtaining CSI information using SRSs in
flexible slots may be less likely to be used because may require periodic frequency resource switching in those slots.
[0038] Asshownin FIG. 9, certain example embodiments may include an enumeration of antenna elements in flexible
slots, when this enumeration in DL and UL subsets is independent.

[0039] FIG. 10 illustrates an example flow chart of some example embodiments. For example, the channel between

TX
h TX and mth RX antenna elements at a predefined TX frequency may be denoted by Lm  one or more operations
of FIG. 10 may be executed by a network entity configured to perform these operations, such as network entity 1310
illustrated in FIG. 13, which may include processor 1311 and memory 1312.
[0040] Processor 1311 may be configured to determine a channel matrix Hyy of the antenna array. In one example,

NrxxNgrx
processor 1311 may be configured to determine the channel matrix HTX €C

such that

according to Equation (5),
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TX TX
h1,1 o hl,N RX
Hryx = . | S))
hNTXrl o hNTXrNRX

where Nty may be the number of TX antenna elements, and Ngy may be the number of RX antenna elements.
[0041] Processor 1311 may be configured to determine a covariance Cyy of the channel matrix Hyy. In one example,

processor 1311 may be configured to determine the covariance Cryx of the channel matrix Hyx (also denoted

NrxxNrx
CTX €C ) according to Equation (6), such that

Crx = HTX(HTX)H» (6)

Ww € CNTxNRxX1 , o _
where YVTX is indicative of TX beamforming coefficients vector. As just some examples, processor

1311 may be configured to determine the beamforming coefficients vector by selecting the beamforming coefficients
vector from the codebook (which may be stored in memory, such as memory 1312 shown in FIG. 13), by calculating,
or otherwise determining, the beamforming coefficients vector using eigenvector decomposition, or obtained by any

Wry € CNTxNRxx1 = : - . .
other method. YYTX is indicative of TX beamforming coefficients vector, obtained by transformation

of wrx. The goal of this transformation is to reduce interference. Wy may be obtained by recursive calculations according
to Equation (7), such that

Wi = f(Wk, HTX): (7)

where k=0 ... Ny, - 1 and Nj, is the maximum number of iterations. Processor 1311 may initiate calculations by setting
an initial value of the transformed vector W, to the untransformed vector wry:

WO = Wty (8)
[0042] Processor 1311 may determine a transformation function f(W,, Hry) according to Equation (9), such that

Wi —Crx Wk

f(W, Hrx) = — )

where |w,] is indicative of a Euclidean norm. Processor 1311 may continue performing iterative calculations until a
predefined target maximum number of iterations N, is reached, or until other stopping criteria is satisfied. An example
stopping criteria includes a maximum interference at the RX antenna elements. Processor 1311 may assume unity and

@NRXxl

may determine signal interference Ie using Equation (10), such that

[ = (Hyy)"wry. (10)

[0043] Processor 1311 may determine the maximum interference using Equation (11), such that
— 2
Imax - m}?xlllk” > (11)

where |, may be kth element of the vector | and may be indicative of interference at kh antenna element. Stopping criteria
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may be determined using Equation (12), such that

Imax S TmQX7 ( 12)

where imax is the target value of the maximum interference. The iterations stop when this target value is reached. The
target value of the maximum interference | ,,,,,, is selected low enough to avoid blocking or saturation of the RX RF circuits.
[0044] Each iteration may increase suppression of interference and/or cause the transformed beamforming vector to
deviate from the original beamforming vector. Accordingly, in some applications, an example stopping criteria may
include a deviation level of W, from wry being greater than a predefined threshold value. The deviation level may be
measured directly, by a Euclidean distance or, for example, by dot product of two vectors, or indirectly, by, for example,
a loss of the beamforming gain.

[0045] In response to determining that E, is a Euclidean distance between vector wyy and W,

By = llwrx — Will, (13)

Processor 1311 may be configured to use a stopping criteria such that:

E. > E,, (14)

where Ek is the maximum acceptable value of a Euclidean distance. If this value is exceeded, then processor 1311 may
be configured to stop performing iterative calculations, e.g., one or more operations of FIG. 10.

[0046] As still another example, processor 1311 may be configured to concatenate two or more stopping criteria using
logical operations (e.g., disjunction, conjunction, etc.) to form a new stopping criteria, for example:

Imax =< Tmax ” Ek > Eka (15)

where || is indicative of a disjunction.

[0047] Hyyis a channel matrix for a specific frequency in the TX band, usually the center frequency of the band. If the
band is wide, then the estimation error results in worse interference cancellation for frequencies significantly different
from the center frequency. This can be overcome by introducing subbands and calculating a transformed beamforming
coefficients vector for each of the subband. Denote by f € RNsBX1 a vector of frequencies, where Ngg is a number pf
subbands. The element f, of this vector is a center frequency of the kth subband. Hyy(k) is the channel matrix at frequency
f. Wrx(Kk) is a transformed beamforming coefficients vector, calculated for Hyy(k) and the same untransformed vector
wrx. Wrx(K) is calculated for one or more subbands. In this way, a more uniform suppression of interference is achieved
over the entire frequency band.

[0048] FIG. 11 illustrates another an example flow chart of some example embodiments. For example, the channel

TX
between th TX and mth RX antenna elements at a predefined TX frequency may be denoted by Lm .
[0049] As described in reference to at least FIG. 11, processor 1311 may determine an interference channel matrix
Htx(k) of an antenna array having a plurality of RX elements and a plurality of TX elements, wherein each element of
the interference channel matrix is indicative of a physical channel between one of the plurality of uplink antenna elements
and one of the plurality of downlink antenna elements. As just some examples, processor 1311 may be configured to
determine the beamforming coefficients vector by selecting the beamforming coefficients vector from the codebook, by
calculating, or otherwise determining, the beamforming coefficients vector using eigenvector decomposition, or obtaining
the beamforming coefficients vector by another method or combination of methods.
[0050] Processor 1311, at block 1102, may determine a covariance of the interference channel matrix, such as, for
example, using Equation (6) described in reference to FIG. 11.
[0051] Processor 1311, at block 1104, may set a number of iterations to zero. At block 1106, processor 1311 may set
a transformed beamforming coefficients vector W, equal to an untransformed beamforming coefficients vector wy,
where the untransformed beamforming coefficients vector wyy is determined using one or more of initial conditions, from
codebook, or calculated in some traditional way, such as eigen vector.
[0052] During afirst or a next iteration k, processor 1311 may determine, at block 1108, a new transformed transmitting
beamforming coefficients vector W, 4 by determining a difference between the transformed beamforming coefficients
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vector W, and a product of the covariance of the interference channel matrix Cy and the transformed beamforming
coefficients vector W, (e.g., as provided in Equation (9) described in reference to at least FIG. 10). Processor 1311, at
block 1110, may normalize the new transformed beamforming coefficients vector W, (e.g., as provided in Equation
(9) described in reference to at least FIG. 10).

[0053] At block 1112, processor 1311 may determine whether a number of iterations k is less than a predefined
maximum number of iterations Ny,,.. In response to determining that the number of iterations k is less than the predefined
number, processor 1311 may determine, at block 1114, an interference | at each receiving element based on the new
transformed beamforming coefficients vector W,, 4 and a corresponding element of the interference channel matrix
(Hr™.

[0054] At block 1116, processor 1311 may determine a power P, of the interference at each receiving element based
on interference | at each receiving element. In an example, processor 1311 may determine a power P, of the interference
at each receiving element using Equation (16), such that

P = IITell%, (16)

[0055] Processor 1311 may select, at block 1118, a maximum value |1, of the power P, of interference I. In one
example, processor 1311 may be configured to select the maximum interference value based on equation (17), such that

Imax = mI?X(Pk) (17)

[0056] Processor 1311 may determine, at block 1120, whether the maximum interference | ., at the receiving antenna
elements is less than or equal to a predefined target maximum interference |,,,, (e.g., according to Equation (12)
described in reference to at least FIG. 10). In response to the maximum interference at the receiving antenna elements
being greater than the predefined target maximum interference, processor 1311 may increase, at block 1122, the number
of the iteration k and returns to blocks 1108 and 1110 where the new transformed transmitting beamforming coefficients
vector is determined.

[0057] Inresponse to one of (i) the number of iterations being greater than the predefined number or (ii) the maximum
interference at the receiving antenna elements being less than or equal to the predefined target maximum interference,
processor 1311 may be configured to, at block 1124, set the transmitting beamforming coefficients vector Wty equal to
the new transformed beamforming coefficients vector W, 4. Processor 1311 may then exit the process described in
reference to FIG. 11. In other examples, the process of FIG. 11 may be repeated in response to one or more operating
conditions.

[0058] In one example, upon completion of the one or more operations of blocks 1102-1124, processor 1311 may be
configured to cause the antenna array to operate according to the new transformed beamforming coefficients vector.
[0059] FIG. 12 depicts an example of hardware that may be used in various example embodiments. In particular, FIG.
12 illustrates that the procedures described herein may be performed as part of a beamforming vector recalculation
module during a beamforming operation, either before or after Inverse fast Fourier transform (IFFT). As illustrated in
FIG. 12, a radio-frequency integrated circuit (RFIC) may be in communication with a digital front end (DFE) and an
analog front end (FE). The DFE, RFIC, and analog FE may perform any of IFFT, digital up-conversion, crest factor
reduction, digital predistortion, digital-to-analog conversion, power amplification, analog up-conversion, and/or digital
and analog filtering. In addition, FIG. 12 illustrates an L1 block for processing NR/5G PDSCH channels. The blocks
depicted in a) may perform beamforming in frequency domain, while the blocks depicted in b) may perform beamforming
in time domain.

[0060] FIG. 13 illustrates an example of a system according to certain example embodiments. In one example em-
bodiment, a system may include multiple devices, such as, for example, network entity 1310 and/or UE 1320.

[0061] Network entity 11310 may be one or more of a base station (e.g., 3G UMTS NodeB, 4G LTE Evolved NodeB,
or 5G NR Next Generation NodeB), a serving gateway, a server, and/or any other access node or combination thereof.
[0062] Network entity 1310 may further comprise at least one gNB-centralized unit (CU), which may be associated
with at least one gNB-distributed unit (DU). The at least one gNB-CU and the at least one gNB-DU may be in commu-
nication via at least one F1 interface, at least one X-C interface, and/or at least one NG interface via a 5th generation
core (5GC).

[0063] UE 1320 may include one or more of a mobile device, such as a mobile phone, smart phone, personal digital
assistant (PDA), tablet, or portable media player, digital camera, pocket video camera, video game console, navigation
unit, such as a global positioning system (GPS) device, desktop or laptop computer, single-location device, such as a
sensor or smart meter, or any combination thereof. Furthermore, network entity 1310 and/or UE 1320 may be one or
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more of a citizens broadband radio service device (CBSD).

[0064] Network entity 1310 and/or UE 1320 may include at least one processor, respectively indicated as 1311 and
1321. Processors 1311 and 1321 may be embodied by any computational or data processing device, such as a central
processing unit (CPU), application specific integrated circuit (ASIC), or comparable device. The processors may be
implemented as a single controller, or a plurality of controllers or processors.

[0065] At least one memory may be provided in one or more of the devices, as indicated at 1312 and 1322. The
memory may be fixed or removable. The memory may include computer program instructions or computer code contained
therein. Memories 1312 and 1322 may independently be any suitable storage device, such as a non-transitory computer-
readable medium. The term "non-transitory," as used herein, may correspond to a limitation of the medium itself (i.e.,
tangible, not a signal) as opposed to a limitation on data storage persistency (e.g., random access memory (RAM) vs.
read-only memory (ROM)). A hard disk drive (HDD), random access memory (RAM), flash memory, or other suitable
memory may be used. The memories may be combined on a single integrated circuit as the processor, or may be
separate from the one or more processors. Furthermore, the computer program instructions stored in the memory, and
which may be processed by the processors, may be any suitable form of computer program code, for example, a compiled
or interpreted computer program written in any suitable programming language.

[0066] Processors 1311 and 1321, memories 1312 and 1322, and any subset thereof, may be configured to provide
means corresponding to the various blocks of FIGS. 2-12. Although not shown, the devices may also include positioning
hardware, such as GPS or micro electrical mechanical system (MEMS) hardware, which may be used to determine a
location of the device. Other sensors are also permitted, and may be configured to determine location, elevation, velocity,
orientation, and so forth, such as barometers, compasses, and the like.

[0067] AsshowninFIG. 13, transceivers 1313 and 1323 may be provided, and one or more devices may also include
at least one antenna, respectively illustrated as 1314 and 1324. The device may have many antennas, such as an array
of antennas configured for multiple input multiple output (MIMO) communications, or multiple antennas for multiple RATSs.
Other configurations of these devices, for example, may be provided. Transceivers 1313 and 1323 may be a transmitter,
areceiver, both atransmitter and a receiver, or a unit or device that may be configured both for transmission and reception.
[0068] The memory and the computer program instructions may be configured, with the processor for the particular
device, to cause a hardware apparatus, such as UE, to perform any of the processes described herein (i.e., FIGS. 2-12).
Therefore, in certain example embodiments, a non-transitory computer-readable medium may be encoded with computer
instructions that, when executed in hardware, perform a process such as one of the processes described herein. Alter-
natively, certain example embodiments may be performed entirely in hardware.

[0069] In certain example embodiments, an apparatus may include circuitry configured to perform any of the processes
or functions illustrated in FIGS. 2-12. As used in this application, the term "circuitry" may refer to one or more or all of
the following: (a) hardware-only circuitimplementations (such as implementations in only analog and/or digital circuitry),
(b) combinations of hardware circuits and software, such as (as applicable): (i) a combination of analog and/or digital
hardware circuit(s) with software/firmware and (ii) any portions of hardware processor(s) with software (including digital
signal processor(s)), software, and memory(ies) that work together to cause an apparatus, such as a mobile phone or
server, to perform various functions), and (c) hardware circuit(s) and or processor(s), such as a microprocessor(s) or a
portion of a microprocessor(s), that requires software (e.g., firmware) for operation, but the software may not be present
when it is not needed for operation. This definition of circuitry applies to all uses of this term in this application, including
in any claims. As a further example, as used in this application, the term circuitry also covers an implementation of
merely a hardware circuit or processor (or multiple processors) or portion of a hardware circuit or processor and its (or
their) accompanying software and/or firmware. The term circuitry also covers, for example and if applicable to the
particular claim element, a baseband integrated circuit or processor integrated circuit for a mobile device or a similar
integrated circuit in server, a cellular network device, or other computing or network device.

[0070] FIG. 14 illustrates an example of a 5G network and system architecture according to certain example embod-
iments. Shown are multiple network functions that may be implemented as software operating as part of a network
device or dedicated hardware, as a network device itself or dedicated hardware, or as a virtual function operating as a
network device or dedicated hardware. The network entity and UE illustrated in FIG. 14 may be similar to network entity
1310 and UE 1320, respectively. The user plane function (UPF) may provide services such as intra-RAT and inter-RAT
mobility, routing and forwarding of data packets, inspection of packets, user plane quality of service (QoS) processing,
buffering of downlink packets, and/or triggering of downlink data notifications. The application function (AF) may primarily
interface with the core network to facilitate application usage of traffic routing and interact with the policy framework.
[0071] According to certain example embodiments, processors 1311 and 1321, and memories 1312 and 1322, may
be included in or may form a part of processing circuitry or control circuitry. In addition, in some example embodiments,
transceivers 1313 and 1323 may be included in or may form a part of transceiving circuitry.

[0072] In some example embodiments, an apparatus (e.g., network entity 1310 and/or UE 1320) may include means
for performing a method, a process, or any of the variants discussed herein. Examples of the means may include one
or more processors, memory, controllers, transmitters, receivers, and/or computer program code for causing the per-
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formance of the operations.

[0073] The features, structures, or characteristics of example embodiments described throughout this specification
may be combined in any suitable manner in one or more example embodiments. For example, the usage of the phrases
"various embodiments," "certain embodiments," "some embodiments," or other similar language throughout this speci-
fication refers to the fact that a particular feature, structure, or characteristic described in connection with an example
embodiment may be included in at least one example embodiment. Thus, appearances of the phrases "in various
embodiments," "in certain embodiments," "in some embodiments," or other similar language throughout this specification
does not necessarily all refer to the same group of example embodiments, and the described features, structures, or
characteristics may be combined in any suitable manner in one or more example embodiments.

[0074] As used herein, "at least one of the following: <a list of two or more elements>" and "at least one of <a list of
two or more elements>" and similar wording, where the list of two or more elements are joined by "and" or "or," mean
at least any one of the elements, or at least any two or more of the elements, or at least all the elements.

[0075] Additionally, if desired, the different functions or procedures discussed in this disclosure may be performed in
a different order and/or concurrently with each other. Furthermore, if desired, one or more of the described functions or
procedures may be optional or may be combined. As such, the description of the present disclosure should be considered
as illustrative of the principles and teachings of certain example embodiments, and not in limitation thereof.

[0076] One having ordinary skill in the art will readily understand that the example embodiments discussed in the
present disclosure may be practiced with procedures in a different order, and/or with hardware elements in configurations
which are different than those which are disclosed. Therefore, although some embodiments have been described based
upon these example embodiments, it would be apparent to those of skill in the art that certain modifications, variations,
and alternative constructions would be apparent, while remaining within the spiritand scope of the example embodiments.

Claims
1. A method comprising:

determining an interference channel matrix of an antenna array having a plurality of uplink antenna elements
and a plurality of downlink antenna elements;

determining an untransformed beamforming coefficients vector;

determining a transformed beamforming coefficients vector using the untransformed beamforming coefficients
vector and the interference channel matrix;

determining an interference of the plurality of the uplink antenna elements and the plurality of the downlink
antenna elements using the transformed beamforming coefficients vector and determining a power of the in-
terference of the plurality of the uplink antenna elements and the plurality of the downlink antenna elements;
determining amaximum interference of the antenna array based on the determined power of the interference; and
in response to the maximum interference being less than or equal to a predefined target maximum interference,
operating the antenna array based on the transformed beamforming coefficients vector.

2. The method of claim 1, further comprising:
in response to the maximum interference being greater than a predefined target maximum interference, determining
a new transformed beamforming coefficients vector using the transformed beamforming coefficients vector and the
interference channel matrix, or wherein the transformed beamforming coefficients vector is calculated by minimizing
at least one of the following:

maximum interference power over one or more uplink antenna elements;
mean interference power over one or more uplink antenna elements; or
interference power based on uplink beamforming.

3. The method of claim 2, wherein at least one of:
minimizing maximum interference power is based on a maximum interference power from one or more downlink
antenna elements to a given uplink antenna element of the plurality of uplink antenna elements;
minimizing mean interference power from one or more downlink antenna elements to a given uplink antenna
element of the plurality of uplink antenna elements includes determining a mean interference power; or

minimizing interference power includes applying uplink beamforming vector.

4. The method of claim 1, further comprising:
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selecting the at least one downlink beamforming coefficients vector from at least one codebook or

receiving at least one index of the at least one downlink beamforming coefficients vector in a channel state
information report from a user equipment; or wherein the selected configuration comprises at least one of the
following:

an antenna array configuration in uplink slots, downlink slots, and flexible slots comprising two configurations;
or wherein the selected configuration comprises an enumeration of antenna elements in subband non-overlap-
ping full duplex slots; or wherein the enumeration of antenna elements in downlink and uplink subsets is inde-
pendent.

An apparatus comprising:

means for determining an interference channel matrix of an antenna array having a plurality of uplink antenna
elements and a plurality of downlink antenna elements;

means for determining an untransformed beamforming coefficients vector;

means for determining a transformed beamforming coefficients vector using the untransformed beamforming
coefficients vector and the interference channel matrix;

means for determining an interference of the plurality of the uplink antenna elements and the plurality of the
downlink antenna elements using the transformed beamforming coefficients vector and determining a power
of the interference of the plurality of the uplink antenna elements and the plurality of the downlink antenna
elements;

means for determining a maximum interference of the antenna array based on the determined power of the
interference; and

means for, in response to the maximum interference being less than or equal to a predefined target maximum
interference, operating the antenna array based on the transformed beamforming coefficients vector.

The apparatus of claim 5, further comprising:

means for, in response to the maximum interference being greater than a predefined target maximum interference,
determining a new transformed beamforming coefficients vector using the transformed beamforming coefficients
vector and the interference channel matrix, or wherein the transformed beamforming coefficients vector is calculated
by minimizing at least one of the following:

maximum interference power over one or more uplink antenna elements;
mean interference power over one or more uplink antenna elements; or
interference power based on uplink beamforming.

The apparatus of claim 6, wherein at least one of:

maximum interference power is minimized based on a maximum interference power from one or more downlink
antenna elements to a given uplink antenna element of the plurality of uplink antenna elements;

mean interference power from one or more downlink antenna elements to a given uplink antenna element of
the plurality of uplink antenna elements, is minimized by determining a mean interference power; or
interference power is minimized by applying uplink beamforming vector.

The apparatus of claim 5, further comprising:
means for selecting the at least one downlink beamforming coefficients vector from at least one codebook, or
means for receiving at least one index of the at least one downlink beamforming coefficients vector in a channel

state information report from a user equipment.

The apparatus of claim 5, wherein the selected configuration comprises at least one of the following:
an antenna array configuration in uplink slots, downlink slots, and flexible slots comprising two configurations.

The apparatus of claim 5, wherein the selected configuration comprises an enumeration of antenna elements in
subband non-overlapping full duplex slots.

The apparatus of claim 10, wherein the enumeration of antenna elements in downlink and uplink subsets is inde-
pendent.
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An apparatus comprising:
at least one processor; and
atleast one memory storing instructions that, when executed by the at least one processor, cause the apparatus

at least to perform at least a method according to any of claims 1-11.

A non-transitory computer readable medium comprising program instructions that, when executed by an apparatus,
cause the apparatus to perform at least a method according to any of claims 1-4.

An apparatus comprising circuitry configured to perform a method according to any of claims 1-4.

A computer program comprising instructions, which, when executed by an apparatus, cause the apparatus to perform
the method of any of claims 1-4.

13
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